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CONTROLLABLE OPTICAL LENS 

• This' inv^ention relates tb a corifrollaHe opticaFleTis; ■m 'paWcdMr' usirtg" 
the so-called electrowetting principle (also known an electrocapillarity). 

An electrowetting lens comprises a chamber housing- two non-miscible 
liquids, such as an electrically insulating oil and a water based conducting salt 
:.. solution, and the. meniscfiff-tfetween-these- fluids defines-^a" refractive index 
boundary and thefefore defines a lens function. The shape of the meniscus is 
electrically controllable to vary the power of the lens. The fluid may comprise a 
liquid, vapour, gas, plasma Of mixtuje thereof.' 

The electrical control of the [ens shape is. achieved using an outer 
annular control electro!^, and the electrowetting effect is used" .to control the 
contact angle dt^he' rpeniscus at the outside edge of -the^ 'Cfifciber. th"ereby ' 
changing the meniscus shape. '■' 
The basic design and operation of an electrowetting lens will be well 
known to those skilled rnjhe a.rt_By wsiy of example, reference is made to WO 
03/069380. ■- %^ %f ■ ■•■ " 

Electrowetting lenses, are compact, and can provide a variable focusing 

• -4metk^fi« wit^iou*- any roech^^^ 

various applications, particularb/ where there- are space limitations and whefe'^" 

power consumption is to be kept to minimum, -for.- example use as an " 

autofocus camera lens in a mobile phone. 

The environmental conditions to which a lens in this application is 

exposed require the lens to operate well for a temperature range of around 
.-30°C-.to +60°C, ..3nd -copreet .operation 6ver flils 'range' of. temperatures': ' 
provides problematic design issues. ' , ' 

It is known to choose the oil. based liquid and the water based liquid- - - 
such that their density Is equal. This makes the shape of the water-oil 
meniscus - insensitive to the orientation of the lens (i.e. insensitive, to the 
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•direction of gravity); However, tliis only applies for a specific tfemperatOre-" 
When temperature changes, the oil and water will expand unequally, resulting 
in a difference in density between the oil. and water. This makes the shape of 
. to the orientation of the lens. This change of the 

••.---meniscus shape in turn causes optical aberrationslsuch a-s cofn'^V"-^:-- • -- 
Due to slow charging of the insulators (between the 'electrodes and the 
fluids) the relation between the voltage and'the exact position of the- oil-water 
meniscus is also subject to drift. 

A conventional electrowetting lens has a bottom electrode- and a 
. eirpAJcofereritial, wall electrode- as. mentioned "above. Due to. this circular, 
symmetric stnjcture of conventional electrowetting. lenses, aben-ations in the 
shape of the meniscus due to gravity effects cannot be compensated for. It is 
also not possible to measure asymmetric changes in the shape of the 
meniscus. ' . 

.; - .According to the invention, there is pravided a controJIabte optical lens, 
comprising: ... 

a chamber housing first and second fluids, the interface between the 
iluids defining a lens surface; 

an electrode arrangement for electrically controlling the shape of the 
lens surface and for sensing the shape of the lens surface, the electrode 
• ^^^"^S®";^^^* corDprising a plurality of electrode.:Se9OTenta at different angulan 
. orientations about an optica.l.ids.p^^ I . . . . 

a sensing, arrangement for- determining, from at- -least the- plurality of 
electrode segments, lens surface characteristics at a plurality of- angular 
orientations. 

In this an-angement, angularly spaced electrode segments are provided, 
and these can be used to. pen'orrti a proximity - sensing function to detemnine 
the local shape characteristics of the lens at different angular positions around 
the lens. In this way, asymmetry can be detected. With appropriate design of. 
the control electrode an-angement, this detected asymmetry can be con-ected. 
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The sensing arrangement preferably comprises a capacitance sensing 
arrangement 

The electrode arrangement preferably comprises a drive electrode 
an-angement comprising a base electrode and a side wall electrode. These 
are used to control the lens shape, and this can be carried out in known 
manner. 

In one version of the invention, the electrode arrangement further 
comprises a patterned top electrode, which comprises the plurality of electrode - 
segments. Thus, a patterned top electrode pattem is used for proximity 
serisfng of the lens interface surface at multiple angular locations. 

The patterned top electrode is hiade from a substantially transparent 
electrically conductive material, such as ITO. and does not therefore obscure 
the path of light through the lens. 

The side wall electrode may comprises a single annular electrode which 
surrounds the chamber, as is conventional. In this case, the capacitance 
sensing arrangement can be. used .for sensing, thev capacitance. -defined 
between each of the plurality of efectrode segments and the side electrode. 

The side wall electrode may instead comprises a first driving electrode 
portion (the conventionial part) arid additionally one or more sensing electrode 
portions, the sensing electrode portions comprising annular electrodes 
surrounding the chamber and spaced along the optical axis from the driving 
y ©lectrade .portion. In. this case, the capacitanqie. sensing .,arr:angecaent.£5an be. 
arranged to sense the capacitance defined' between- a 'plumiity of pairs of 
electrodes, the pairs each comprising one of the plurality of electrode 
segments and one of the sensing electrode portions of the side electrode. In 
this way, part of the side wall electrode is used for the normal driving function, 

- r 

and part is used for the sensing function. 

... Alternatively, the capacitance sensing arrangement can be arranged for 
sensing the capacitance defined between pairs of the electrode segments, and 

.use of the side wall electrode, in the sensing operation is thus not essential. - 

In an altemative arrangement, the drive electrode arrangement may 
comprise a plurality of side wall electrodes disposed angulariy spaced around. 
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the chamber, and wherein the plurality of side wall electrodes cornprise the 
plurality of electrode segments. In this case, the side wall electrode is split up 
Into segments to enable local lens shape sensing at different angular 
positions. In addition, however, the segmented side wall electrode enables a 
drive scheme to be implemented which can correct for asymmetry. In 
particular, different control voltages can be applied to the side wall electrode 
segments to drive the lens in an asymmetric manner, for example to con-ect for 
asymmetry resulting from themrial and gravitational effects. 

this arrangement, the a resistance or capacitance sensing 

. arrangement csin. be used, for sensing the resistance "of capacitance between--- 
each of the plurality of electrode segments and the base electrode, and no top 
•electrode is thus required. The local proximity sensing is thus perfomied at the 
chamber outer wall. 

However, a top electrode can also be employed with the segmented 
side wall implementation. In this case, the top electrode may comprise a 
singie.-central electrode, and. a::.capacitance sensing arrangement can then be • 
for sensing the capacitance defined between each of the plurality of side wall 
electrode segments and the top electrode. 

The capacitance sensing anangement may comprise an altemating 
current source for applying a first signal to a first electrode of a selected pair of 
electrodes, and a combiner for combining a second signal received from a 
-secojnd ^lectnpdev^f ^ .sele.ct§.dLp.alLj?f .^iectrod^s^ yyith the fust signal,, and^a..^ 
filter. This provides a coherent detector capacitance measurement technique, 
although any other known capacitance measuring technique may be 
employed. 

In the lens, the first fluid preferably comprises a water based liquid and 
the second fluid preferably comprises an oil based liquid. 

Examples of the invention Will nbW be described in detail with reference 

to the accompanying drawings, in which: 

Figure 1 shows a known design of electrowetting lens; 
., Figure 2 is used to explain the principle of cross capacitance sensing; 
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Figure 3 shows a first example of lens of the Invention; 
Figure 4 shows the top electrode used in the lens of Figure 3; 
Figure 5 shows a second example of lens of the invention; 
Figure 6 is used to explain a sensing method for use with the lens of the 
invention; 

Figure 7 shows a third example of lens of the invention; and 

Figure 8 shows drive and sense circuitry for use with the lens of Figure. 

7. 

Figure 1 schematically shows a known electrowetting lens design. The 

left part of Figure 1 shows the interior of the lens. The lens comprises a 
chamber which houses a polar and/or conducting liquid such as a salted water 
based component 10 (which is refen-ed to simply as water below) and a 
nonconducting liquid such as an oil based component 12 (which is referred to 
simply as oil below). A bottom electrode 14 and a circumferential side 
jelectrpde 16 control the Rpyyer of the lens. .The side elecptrpde is separated 
from the liquid by an insulator which forms the side wall of the chamber, and 
this insulator acts as a capacitor dielectric layer during electrical operation of 
the lens. This operation will be well known to those skilled in the art, and 
reference is made to WO 03/069380. As shown in the right part of Figlire 1, 
the side electrode 16 covers the complete circumference of the lens. 

,.JhQ tx^^o^electrpdes gre used to drive thf Jens^wjth. a ,ygjt.age,tp chang^^ 
the shape and- thus-the strength- of the lens according-t©:- • - : . - • . - • . 
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Where So is the strength of the lens when the applied voltage is zero, 
n1 and n2 are the refractive indices of, water and oil respectively, e is the 
dielectric constant of the insulator (i.e. the wall of the chamber), y is the oil- 
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water surface tension, R is the cylinder radius, d is the insulator thickness and 
V is the applied voltage between the electrodes. 

It has been proposed that the capacitance across the electrodes can be 
measured to provide feedback about the shape of the lens. In particular, the 
shape and the position of the meniscus changes when a voltage is applied, so 
that the effective size of the annular electrode changes (the effective size 
depends on the area of water in contact with the electrode, which changes as 
the meniscus position changes). A resulting change in capacitance can be 
measured, and this capacitance has been considered to be a reasonably 

accurate parameter for measuring the-strength of the lens; - * 

This capacitance measurement does not, however, provide any 
feedback concerning.asymmetry in the lens shape. 

The invention provides an electrode arrangement for electrically 
controlling the shape of the lens surface and for sensing the shape of the lens 
surface. There are many different variations for the parts of the electrode 
-arrangement for performing-the driving function aRd- tlie parts of the -electrode^*^?' 
arrangement for performing the sensing function, and indeed some of the 
electrodes may perform both functions. In all embodiments, the electrode 
arrangement comprises a plurality of electrode segments at different angular 
orientations about an optical axis of the lens. A capacitance sensing 
arrangement is provided for determining, from at least the plurality of electrode 
w$agmentsr.4he tocal lensr,s«iiaces?po.siti^^ aRgle^aM -plwallty of angular^ -. -^^ 
orientations. This enables asymmetry to be detected, and this can be used in 
a feedback control system to provide correction for asymmetry. 

A first implementation of the invention uses a cross-capacitance 
sensing technique. This principle of this technique will first be explained with 
reference to Figure 2, before the invention is described in detail. 

It is known that capacitive sensors can be used as proximity sensors to 
detect the position of (conducting) objects in a 3D "space. The principle of ' 
cross-capacitance sensing is that if a conducting object is placed near two 
electrodes, some of the electromagnetic field lines between them will be 
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terminated on the object, and this intenuption of the electric field decreases 
the cross-capacitance (i.e. the capacitance between the two electrodes). 

This can be accurately measured with so-called "lock-in techniques" for 
measuring capacitance. 
■ ■. r- Figure 2 shows first and second electrodes 20,22 with a hand 24 
Interrupting the electromagnetic field lines between the electrodes. One 
electrode 20 of the capacitor is driven with an oscillating signal 26. The signal 
on the other electrode 22 is detected, amplified by amplifier 28 and multiplied 
in combiner 30 with the original oscillating signal of the first electrode. This 
provides a synchronous detection system. A simple low-pass, filter 32 is then " 
used to filter out the noise at all frequencies of no interest. The cut-off of this 
low-pass filter 32 detennines the response time and thus the speed of 
measurement. 

In the first implementation of the invention, a cross capacitance 
measurement technique such as tiiat described above Is used as a proximity 
sensing method for detecting the Sfpatlal'-Taosition = af the meniscus. This " 
enables the exact position and 3D-shape of "tiie electrowetting lens to be 
detected. This proximity sensing is possible because the oil is an insulator and 
the lens fluid (water) is a relatively good conductor. The interface thus acts as 
an electromagnetic shield. 

Figure 3 shows a first exampfe of electrode anrangement for use in a 
. lens of. the invention, r . .. . 

In adciition to the conventional bottorri and side controi eleelro^^ 
16, tiie lens has a patterned top electrode 40. The patterned top" electi-ode 
comprises a number of discrete electi-odes, and this enables different pairs of 
electi-odes to be selected for cross capacitance measurement, in order to 
detect the local proximity of the meniscus. 

The preferred position of this proximity sensing electrode pattern is at 
the top of the meniscus. This electrode pattern is in tiie opti'cal path, and a 
■ti-ansparent conducting material," such as ITO, is therefore used, the electrode ' 
configuration can be patterned In many different ways and with a varying 
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number of segments depending on the exact aberration that is to be measured 
with the highest accuracy. 

Figure 4 gives one example of electrode pattern 40. The pattern 
comprises an array of concentric sections, to provide radial inforniation. Each 
concentric section is divided into segments, to provide angular resolution of 
the proximity information, in particular so that asymmetry can be detected.. In 
the example shown, there are three concentric rings, each ring being divided 
into four segments. The pattern of Figure 4 is thus essentially in the form of a 
dartboard. . 

■; The' contact leads are not shown in Figure 4: In a practidariayout, ITO 
leads with small width could be employed, between the different electrode 
segments. Figure 4 also shows the electric field shielding provided at the 
meniscus, and which causes the electrode cross capacitance to change. 

Many different electrode configurations can be employed. A patterned 
side wall electrode can also be employed. Figure 5 shows a modification in 
" which -wall-electrode 16' fs patterned ^wit 50 abdve the main • 

control part of the electrode, and in the vicinity of the meniscus. Figure 5 also 
shows how the meniscus position alters the electromagnetic field lines 
between the patterned top electrodes and the rings 50 of the side electrode 
16. 

The patterned ITO layer forming the top electrode is not in focus, so it 
.-^does Rotideteriorate ^^^e .imagin quality a^the lensT-T^1e4T0 layer will provide- - 
some scattering, but this will only influence the contrast of the image, and this 
effect has been found to be negligible. 

There are various ways of controlling the electrodes to provide the 
desired proximity sensing information. Various different drive schemes will be 
apparent tq those skilled in the art, and one possible, drive scheme 
implementation is described below with reference to Figure 6. 

In the drive scheme of Figure 6, one of the electrodes is driven at a time 
with a constant frequency fd, and the signals from all other electrodes are 
simultaneously measured using the lock-in process explained above. Each 
electrode is driven in sequence with the same constant frequency fd and the 
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previously driven electrode is used as one of the receiving electrodes.- In this 
driving scheme, each electrode is used as a 'sender' once during a complete 
cycle of the drive scheme. 

An alternative drive scheme takes advantage of the low-pass filter used 
5 . in.the. iQckrin detection process explained above, Lock^in detection is- used 
with a low-pass filter that is as nan^ow as possible at the required response 
time (for be§t noise peri^ormance). It is therefore possible to drive the 
electrodes simultaneously with different frequencies f1; f2; : : ; fn with a 
difference that is larger than the cut-off frequency of the low-pass filter. 
^ " The- amplitude of the driving signar on- the -iTO-electrodes- must be 

sufficiently small that it does not influence the shape of the lens. The shape of 
the tens should thus only be determined by the voltage on the wall electrodes. 

The examples described above use a cross capacitance measurement, 
so that the capacitance between two electrodes is influenced by the presence 
of a conducting body in the electric field between the two electrodes. It Is 
• equally possible to carry out -a direct capacitance measurement between the 
electrode segments of the pattemed top electrode and the conducting fluid of 
the lens. In this case, the capacitance is measured between the top electrode 
segment and the side wall electrode or even the bottom electrode. 

In the same way, the direct capacitance between the additional side 
wall electrodes shown in Figure 5 and the lens fluid can be measured. 

. In botla^^ases,; the: sender-receiver. priQciple wfth^tob^^^^^ . 
be applied. Of course, other capacitance' measurement princVles af^^^ 

The examples above each use a pattemed top electrode to provide 
localized proximity sensing. It is also possible to use pari:itioning of the wall 
electrode to provide localized shape infomiation without the need for a 
pattemed top electrode. 

Figure 7 shows an arrangement in which the wall electrode 16 is split 
into a number of axial electrodes 70. A capacitance measurement can then be 
cam'ed out for each individual axial electrode, " 

In this way, for each of the electrodes 70, a capacitance with respect to 
the bottom electrode 14 can be measured independently. This then provides 
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not only information about the global strength of the lens, but also the 
asymmetric shape of the meniscus. 

The segmented side waif electrode also allows each electrode 70 to be 
driven Independently with a driving voltage that is a function of the measured 
5 capacitances arid the required shape and strength of the lens. When different 
voltages are applied across the circumference, the angle the liquid will make 
■with the cylinder wall will vary across the circumference leading to a 
deformation of the meniscus. This can be used to compensate for lens 
aberrations due to gravity. 

• The- driving voltages " can be ' calculated ' cdhti/iLfdusjy- such that 'the • 
aben-ation is minimized at each orientation of the lens with respect to the field 
of gravity. A block diagram of a system for implementing this control scheme is 
shown in Figure 8. 

Each electrode 70 connects to a capacitance measurement circuit 80, 
to perfonn the sensing operation. When driving the electrodes 70, the angle of 

• *e- xsanducting- liquid-, (water) -wrtlr- the wall of the lens cylinder will vary as > 
function of the voltage. Control of the voltages can be achieved using a loop- 
filter 82 which receives error values from a comparator 84. The comparator 84 
compares the measured capacitance values with reference values for the 
desired optical power. The loop filter can implement a linear control scheme, 
for example PI (proportional-integral) control using an integrating loop filter. 
The changes may be relatively slow, so- it may also be possible to calculate the - 
voltages with a DSP (digital signal processor) based on the output of the 
comparison between the measured capacitances and the reference values. In 

that case it is more easy to apply more sophisticated non-linear control 

schems. 

Voltage drivers 86 controlled by the filter or DSP provide the drive 
voltages tp the electrodes 70. 

tn the example- of Figure 7. a resistance measurement between each 
segmented electrode 70 and the base electrode 14 can be used instead of a 
capacitance measurement. In particular, when the lens power changes, a 
different the height of .the conducting liquid up the chamber side wall results. 
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• This changes the electrical path between the electrode 70- and the base 
electrode 14 in two ways. Firstly, the length of the conductive path through the 
conducting liquid is changed. Secondly, the effective area of material of the 
electrode 70 in the electrical path changes. These changes make the series 
^■.resistance dependent on the lens- shape.- Thus, in some-examples' of the 
invention, resistive measuremente can be used instead of capacitive 
measurements. <. 

In the examples above using capacitance measurement, only one 
implementation of capacitance measurement has been described In detail. 
There are of course numerous other possible imprementations! 

In one example above, an electrode arrangement has a plurality of 
electrode segments at different linear positions along the optical axis of the 
lens, so that lens surface characteristics at a plurality of linear positions along 
the optical axis can be determined. This approach can be used independently 
of the other multiple segment configurations to provide a way of obtaining 
sensing measurements which can easily- distinguish between different fens - 
positions. As the meniscus position changes, there is a large change in the 
resistance or capacitance signal for the individual segments. 

Various other modifications will be- apparent to those skilled in the art. 
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CLAIMS 

1 . A controllable optical lens, comprising: 

a chamber housing first and second fluids, the interface between the 
fluids defining a lens surface; 

an electrode arrangement for electrically controlling the shape of the 
lens surface and for sensing the shape of the lens surface, the electrode 
arrangement comprising a plurality of electrode segments at different angular 
orientations about an optical axis of the lens; and 

* 'a sensing' arrangement for detemiining, from at" least the plurality of 
electrode segments, (ens surface characteristics at a plurality of angular 
orientations, 

2. A lens as claimed in claim 1, wherein the sensing arrangement 
comprises a capacitance sensing arrangement. 

3. A lens as claimed in claim 1 or 2. wherein the electrode arrangement 
comprises: 

a drive electrode arrangement comprising a base electrode and a side 
wall electrode. 

:j4r.Y-... ..A-4@ns as claimed in-claim- 3, .wherein the .a!ectrod.e.arrar)gement further: 
comprises a patterned top electrode, which comprises the plurality of electrode 
segments. 

5. A lens as claimed in claim 4, wherein the patterned top electrode is 
made from a substantially transparent electrically conductive material. 

6. A lens as claimed in claim 5, wherein the pattered top electrode is made 
from ITO. 
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" '^r A lens as claimed in claim -4, 5 or- 6, wherem-the side wail* electrode 

comprises an annular electrode which surrounds the chamber. 

8. A lens as claimed in claim 7, wherein the side wall electrode comprises 
^^-.a.-fir^ti-dFiving electrode portion. and one or more. sensing:.electrode portions,- 

the sensing electrode portions comprising annular electrodes surrounding the 
chamber and spaced along the optical axis frdm the driving electrode portion, 

9. A lens as claimed in any one of claims 4 to 8. wherein the sensing 
arrangement comprises a capacitance sensing* arrangement for sensing the 
capacitance defined between pairs of the electrode segments. 

10. A lens as claimed in any one of claims 4 to 8, wherein the sensing 
arrangement comprises a capacitance sensing arrangement for sensing the 
capacitance defined between each of the plurality of electrode segments and 
the side electrode. - 

11. A lens as claimed in claim 8, wherein the sensing arrangement 
comprises a capacitance sensing arrangement for sensing the capacitance 
defined between a plurality of pairs of electrodes, the pairs each comprising 
one of the plurality of electrode segments and one of the sensing electrode 
portions of the side, electrode. ... — .;.,:-a^ , 

12. A lens as claimed in claim 3, wherein the drive electrode arrangement 
comprises a plurality of side wall electrodes disposed angularly spaced around 
the chamber, and wherein the plurality of side wall electrodes comprise the 
plurality of electrode segments. 

13. A lens as claimed in claim 12. wherein the sensing arrangement 
comprises a resistance sensing arrangement for sensing 'the resistance" 
between each of the plurality of electrode segments and the base electrode. 
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14. A lens as claimed in claim 12, wherein the sensing arrangement 
comprises a capacitance sensing an-angement for sensing the capacitance 
defined between each of the plurality of electrode segments and the base 
electrode. 

15. A lens as claimed in claim 12, further comprising a top electrode. 

16. A lens as claimed in claim 15, wherein the top electrode comprises a 
single central electrode. 

lb' " ' ^'^ " * ' ' ' " * " ' • • •• . . . 

17. A lens as claimed in claim 16, wherein the sensing arrangement 
comprises a capacitance sensing arrangement for sensing the capacitance 
defined between each of the plurality of electrode segments and the top 
electrode. 

-18. -A lens as claimed in claim 15; wherein the top etectrode ix>mprises a " 
comprises a patterned top electrode, which comprises a plurality of top 
electrode portions. 

19. A lens as claimed in any one of claims 15 to 18, wherein the top 
electrode is made from a substantially transparent electrically conductive 

materia].' • • .t- • - .-. •■'^r., . r- •t-.-'^rf-ap*—' -•~-vVi5S"--:«X v*-?j;'* .t«. a'»'«i«;«w-^» r..' 

20. A lens as claimed in claim 19, wherein the top electrode is made from 
(TO. 

21. A lens as claimed in any one of claims 1 to 12 or 14 to 30, wherein the 
sensing arrangement comprises a capacitance sensing arrangement 
comprises an alternating current source for applying a first signal to a first 
electrode of a selected pair of electrodes, and a combiner for combining a 
second signal received from a second electrode of a selected pair of 
electrodes with the first signal, and a filter. 
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22. A lens as claimed in any preceding claim, ' wherein the first fluid 
comprises a polar and/or conductive liquid and the second fluid comprises a 
nonconductfve liquid. 

23. A lens system comprising: 

a lens and sensing arrangement as claimed in any one of claims 12 to 
20; and 

a drive arrangement for providing independently controllable drive 
voltages to the plurality of side wall electrodes based on the sensing 
arrangement outputs. 

24. A lens system comprising; 

a lens and sensing arrangement as claimed in any one of claims 1 to 
22; and 

a drive an-angement for providing a" drive voltage to the electrode 
arrangement based on the sensing arrangement outputs. 

25. A controllable optical lens, comprising; 

a chamber housing first and second fluids, the interface between the 
fluids defining a lens surface; 

ar> electrode arrangement for electrically controlling the shape of the - 
lens surface' and for sensing the shape of the lens surface, the electrode 
arrangement comprising a plurality of electrode segments at different linear 
positions along the optical axis of the lens; and 

a sensing arrangement for determining, from at least the plurality of 
electrode segments, lens surface characteristics at a plurality of linear 
p.ositions along the optical axis. 
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ABSTRACT 

CONTROLLABLE OPTICAL LENS 

A controllable optical lens comprises a chamber housing first and 
second fluids, the interface between the fluids defining a lens surface. An 
electrode arrangement controls the shape of the lens surface and is also for 
sensing the shape of the lens surface. The electrode arrangement comprising 
a plurality of electrode segments at different angular orientations about an 
optical axis of the lens. Surface characteristics are sensed at a plurality of 
angular orientations from the plurality of electrode segments, and in this Way ' 
the local shape characteristics of the lens at different angular positions around 
the lens can be determined. In this way, asymmetry can be detected. 
[Fig. 5] 
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